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Abstract 
The number of undernourished people in the world remains unacceptably high at about 925 million. Global food security issues exist now, 
and are especially of concern looking forward as world population is expected to increase by about 35% over the next 40 years. 
Agricultural output will need to significantly increase to accommodate the growing population. Most of the increase is expected to come 
from producing more on existing farmland (i.e., intensification), although some new farmland will likely be needed. Boosting crop yields 
and closing the gap between actual and attainable yield can be achieved by the implementation and advancement of numerous practices 
and technologies, including nutrient management practices and fertilizer technologies. An evaluation of long-term studies has shown that 
the average percent of yield attributable to fertilizer inputs generally ranged from about 40 to 60% in temperate climates (USA and 
England), and tended to be much higher in the tropics. All things considered, inorganic fertilizer plays a critical role in world food 
security, but it must be recognized that highest yields are in some systems the result of using both organic and inorganic nutrient sources. 
Adoption of the 4R principles- right nutrient source at the right rate, right time, and right place- help ensure appropriate use of nutrient 
resources and optimized productivity. 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Selection and /or 
peer-review under responsibility of the scientific committee of SYMPHOS 2011. 
1. Introduction 
1.1 Food security defined 
Food security and food insecurity are terms that are commonly used in discussions of global conditions and outlook. 
Food security, by definition, exists when all people at all times have both physical and economic access to sufficient, safe 
and nutritious food that meets their dietary needs for an active and healthy life. Food insecurity exists when people lack 
access to sufficient amounts of safe and nutritious food, and therefore are not consuming enough for an active and healthy 
life. This may be due to the unavailability of food, inadequate purchasing power, or inappropriate utilization at the 
household level[1]. 
The Food and Agriculture Organization (FAO) of the United Nations has observed that globally the number of 
undernourished remained unacceptably high in 2010 at about 925 million people [2]. The number of hungry people 
increased from 2006 to 2009 due to high food prices and the global economic crisis, but both the number and proportion 
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declined in 2010 with some economic recovery and lower food prices. However, undernourishment in 2010 remained higher 
than before the onset of the crisis in 2008 (Figure 1). The majority of undernourished people live in developing countries, 
with 40% of the world’s total in China and India. The proportion of undernourished in 2010 was highest in sub-Saharan 
Africa at 30% [2]. 
Fig. 1. Number of undernourished people in the world, 1969–71 to 2010 (Source: [2]). 
1.2 World population and demands on agriculture 
The world demand for food and fiber will continue to increase over the coming years as population is expected to 
increase by about 35% from the current 6.9 to an expected 9.3 billion  by 2050 (Figure 2, [3]). The future demand on 
agriculture will be further complicated by other factors such as a shrinking rural workforce and the provision of feedstock 
for a potentially huge biofuels market [4].  
Fig. 2. World population and projection from 1950- 2050; Dec. 2010 update (Source: [3]). 
Another factor that may affect pressure on the world’s crop production systems is a shift toward greater meat 
consumption in countries where diets have traditionally been more grain based. This is commonly driven by greater 
consumer affluence, particularly in developing countries. The livestock sector is an important creator of demand for grains 
and oilseeds, and as diets change toward more animal product consumption this sector requires more of these feedstuffs. Per 
capita meat consumption worldwide increased 42% (from 26 to 37 kg/person/yr) between 1970 and 2000, and is expected to 
be 52 kg/person/yr by 2050. The growth in developing countries is much more dramatic with 146% increase from 1970 to 
2000 (from 11 to 27 kg/person/yr), and is expected to be 44 kg/person/yr in 2050 [5].  
The production of biofuels such as ethanol and biodiesel also impacts demand for crop production. However, predictions 
of biofuel demand are fraught with uncertainty caused by factors such as fossil fuel prices, government policies and 
subsidies. Furthermore, the development of cellulosic ethanol technology has the potential to significantly affect the biofuel 
picture, and may untimely reduce the need for food and feed crops to meet biofuel production expectations and demand.  
By any and all estimates world food and crop production will need to increase from current levels to accommodate a 
rapidly changing world. Some projections indicate that overall food production will need to increase by 70% from 
2005/2007 to 2050 and that production in developing countries will need to double [4]. The same source suggests that 
annual global production of cereal and meat will need to grow by one billion and 200 million tonnes, respectively.  
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A basic question that immediately arises when discussing these predictions is “how will all these additional agricultural 
goods be produced?”  The simple answer(s) can only be that 1) we produce more with land already in production (i.e., 
intensify), 2) put vast amounts of new land into production, or 3) implement some combination of intensification and new 
land breakout. Land expansion on a large scale can be problematic because of factors such as lack of infrastructure and 
technology, environmental concerns (some land has to come from forested areas), political will, and other opposition. 
Therefore, the most favorable scenario for meeting future food needs is one that leans heavily on increasing yields and 
intensifying production on existing farm land. The FAO [4] has stated that there is considerable potential to raise crop yields 
with existing technologies, and that by 2050 an estimated 90% of the growth in crop production globally (80% in 
developing countries) is expected to come from higher yields and increased cropping intensity, with the remainder coming 
from land expansion. The same source states that total arable land would expand by less than 5 percent (about 70 million 
ha), with an expansion in developing countries of about 120 million ha being offset by a decline in developed countries of 
about 50 million ha. Almost all of the land expansion in developing countries would take place in sub-Saharan Africa and 
Latin America.  
2. Increasing crop yield and closing the gap 
Many agricultural products are and will be needed to meet world demands; however, global food security will continue 
to depend most heavily on three crops— rice, wheat, and maize. These three crops still occupy 58% of the annual crop area 
and provide about 50% of food calories. Rice and wheat have been essential suppliers of energy for the population of 
developing countries since 1960, whereas maize has provided over 60% of energy in commercial animal feeds [6]. 
Lobell et al. [7] surveyed the literature on wheat, rice, and maize cropping systems and found that average yields range 
between 20% and 80% of potential yields in probably all of the major cropping systems of the world. Potential yield was 
defined as the yield of an adapted crop cultivar when grown under favorable conditions without limitations from water, 
nutrients, pests or diseases. They also concluded that several major rice and wheat systems of the world had yields that 
approached 70% to 80% of yield potential, but none had passed beyond that point, which suggested that it marked a limit to 
yield gap reduction. Neumann et al. [8] analyzed current vs. attainable yields — the latter calculated by means of stochastic 
frontier production functions — frontier yields for these authors represent what can be currently produced, without taking 
into account genetic improvements that may result in higher potential yields — and concluded that on average the present 
actual global yields of wheat, maize, and rice are 64%, 50%, and 64% of their frontier yields, respectively.  
Successful intensification, i.e. closing the yield gap between actual and attainable yields, depends on a thorough 
understanding of the nature and strength of region-specific constraints. Some of the yield gap described above may result 
from biophysical limitations, such as climatic constraints (e.g. temperatures and rainfall distribution), lack of irrigation, 
topography, and low soil fertility. However, socio-economic circumstances such as access to markets and credit, 
government policies, and access to educational programs may also play a critical role in some countries. Thus, the 
inadequate and/or improper use of inputs and other cultural practices may in some cases be due to ignorance or lack of 
access to better options. 
Many believe that biotechnology holds the key to producing more food. The seed industry has assured us they can 
deliver increased crop yields, promising annual jumps in yield potential of 3 to 4% [9]. Monsanto, the world’s largest seed 
company, has pledged to develop new varieties of maize, soybeans, and cotton by 2030 that will yield twice as much grain 
and fiber per unit land while using two-thirds the water and less N [10] [11]. These kinds of technological advances will 
certainly be required if we hope to feed the world’s hungry; however, history shows that genetic advances alone may not be 
able to solve the world’s food shortage. Cassman and Liska [12] point out the 40-year trend for USA maize yields have been 
linear with an annual increase of 112 kg ha-1or a 1.2% relative gain compared to the current 9.2 t ha-1 yields. This 1.2% 
annual yield increase has been made possible, among other factors, by the positive interactions between technological 
advances such as the introduction of better genotypes (including hybrids and transgenic Bt insect resistant maize), soil 
testing and balanced fertilization, expansion in irrigation, and conservation tillage (Figure 3). Undoubtedly, a blend of 
biotechnological advances and improved crop management practices will be needed to significantly increase productivity. 
Nutrient and fertilizer management are among the practices that will need to continue advancement and improvement, as 
some could argue that crop nutrition is the foundation upon which other technologies stand.  
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Fig. 3. USA maize yield trends from 1966–2005, and the technological innovations that contributed to this yield advance (Source: [12]). 
3. The role of fertilizer in increasing crop yield 
A fundamental question relevant to the previous discussion and that the fertilizer industry has sought to address for some 
time now is “how much of crop production is attributable to fertilizer input?”  Among other things, the answer to this 
question is critical to any large scale risk- benefit discussion of fertilizer input and the industry as a whole. Perhaps it is 
useful at the outset to simply note that global cereal production and fertilizer consumption are closely correlated (Figure 4, 
[13], [14]).  
Fig. 4. Global cereal production and total world fertilizer consumption from 1961-2008 (Sources: [13], [14]). 
Several attempts have been made to estimate how much of crop production can be credited to nutrient inputs. 
Historically, estimates have usually ranged from about 30 to 50% for major grain crops [15]. One-third of the increase in 
cereal production worldwide and half of the increase in India’s grain production during the 1970s and 1980s have been 
attributed to increased fertilizer consumption [16]. Since the mid-1960s, 50 to 75% of the crop yield increases in Asian 
developing countries have been attributed to fertilizers (Viyas, 1983, cited by [17]).  
The impact of eliminating the use of several inputs, including inorganic N fertilizer, on corn, cotton, rice, barley, 
sorghum, wheat, soybean, and peanut yields in the USA was investigated by Smith et al. [18]. They used a modified Delphi 
procedure, utilizing experts to provide yield and cost change estimates. Participating scientists were selected from major 
producing states for each crop analyzed. The 1987 production year was used as a baseline for estimating yield reduction 
from input omission. The estimated effect of eliminating N fertilizer is shown in Table 1. Average USA corn yield was 
predicted to decline by 41% without N fertilizer, or in other words, N fertilizer was responsible for 41% of corn yield. The 
elimination of N in cotton production resulted in an estimated yield reduction of 37%. The average estimated reduction in 
yield from elimination of N fertilizer on the six non-leguminous crops analyzed was 26%. Had the effects of other nutrient 
inputs such as P and K been measured the estimated yield reductions would have likely been greater. Eliminating N from the 
two legumes (peanut and soybean) had no impact on yield, as might be expected given their N fixing capability. 
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Table 1. Estimated effect of eliminating nitrogen fertilizer on USA crop yields (Source: [18]) 
Crop 1Baseline Without Reduction
N fertilizer from no N
%
Corn 7.65 4.52 41
Cotton 0.76 0.48 37
Rice 6.16 4.48 27
Barley 2.53 2.04 19
Sorghum 4.64 3.76 19
Wheat 2.15 1.81 16
Soybean 2.28 2.28 0
Peanut 2.55 2.55 0
1
 baseline yields taken from 1987 USDA/ERS report.
Estimated crop yield
 -------t/ha-------
More recent data on the impact of adequate plant nutrition are provided by Fischer et al. [6] who mentioned the 
unpublished results of an assessment of the constraints and possibilities for rice in South Asia carried out by the 
International Rice Research Institute (IRRI) in 2008 using expert knowledge. According to the estimates, current rice yield 
(5.1 t ha-1) was on average constrained 1.9 t ha-1 (37%); 10% by inadequate plant nutrition, 7% by diseases,  7% by weeds, 
5% by water shortage, and 4% by rats. A similar assessment carried out for rainfed lowland and upland rice in South Asia 
with a current yield of 1.8 t ha-1 showed that the gap with potential yield (68%) was due to poor nutrient availability (23%), 
disease (15%), and weeds (12%). 
The contribution of commercial fertilizer to crop yield has also been estimated through the use of omission trials and 
long-term studies comparing yields of unfertilized controls to yields with fertilizer input. Long-term trials are particularly 
useful because they integrate the effects of year, climate, pest and disease stress, etc. Stewart et al. [19] reviewed data 
representing 362 seasons of crop production and reported 40 to 60% of crop yield can be attributed to commercial fertilizer 
inputs. Following are some examples from this publication. 
• The Magruder Plots, established in 1892 in Oklahoma, are the oldest continuous soil fertility research plots in the Great 
Plains of the USA. Nutrient treatments have changed since the plots were established, with annual N (37 to 67 kg ha-1) 
and P (15 kg ha-1) applications starting in 1930. Averaged over 71 years, N and P fertilization in these plots was 
responsible for 40% of wheat yield (Figure 5A).  
• The Sanborn Field at the University of Missouri was started in 1888 to study crop rotation and manure additions on 
wheat. Commercial fertilizer was introduced in 1914. Although application rates have varied over the years, comparing 
the plots receiving N, P, and K fertilizer to the unfertilized control showed that fertilizer increased wheat yield by an 
average of 62% over the 100-year period (Figure 5B).  
• The Morrow Plots at the University of Illinois were established in 1876. Early fertility treatments on maize included 
manure, rock phosphate, bone meal, and limestone, but commercial fertilizers (N, P, and K) and lime were not started 
until 1955. In a continuous maize system commercial NPK fertilizer + lime increased maize yield over the control by an 
average of 57% from 1955-2000 (Figure 5C).  
• The Broadbalk Experiment at Rothamsted, England is the oldest continuous field experiments in the world. Winter 
wheat has been grown continuously since 1843. Application of N fertilizer with P and K over many decades has been 
responsible for up to 82% of wheat yield compared to P and K applied alone, with an overall average value of 64% 
(Figure 5D). From 1970 to 1995, growing high-yielding winter wheat continuously receiving 96 kg N ha-1, omitting P 
decreased yield by an average of 44% and omitting K reduced yields by 36%.  
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Fig. 5. Yield attributed to fertilizer: (A) N and P from 1930 to 2000, in the Oklahoma State University Magruder Plots; (B) N, P, and K from 1989 to 1998 
in the University of Missouri Sanborn Field Plots; (C) N, P, K, and lime from 1955 to 2000 in the University of Illinois Morrow Plots; and (D) N with 
adequate P and K vs. P and K alone from 1852 to 1995 (years between 1921 and 1969 excluded because part of the experiment was fallowed each year for 
weed control) in the Broadbalk Experiment at Rothamsted, England (Source: [19]). 
These long-term studies from temperate climates clearly show how essential fertilizer is in cereal productivity, 
accounting for at least half of the crop yield. But, nutrient input is even more critical to crops in the tropics where slash and 
burn agriculture has the potential to devastate inherent soil fertility. Stewart et al. [19] presented examples of continuous 
crop (maize, rice, soybean, and cowpea) production in the Amazon Basin in Brazil and in Peru, where yields attributed to 
fertilizer and lime inputs (i.e., yield where inputs were used minus yield of zero input control) at both sites were less than 
40% in the first crop fertilized after clearing, but increased to over 80% in subsequent crops. After the second crop, yields 
attributable to fertilizer and lime were never below 90%. The use of nutrient inputs in tropical regions clearly has the 
potential for dramatic positive impact. Large areas of the tropics are dominated by highly weathered soils with limited 
nutrient reserves to be released for crop growth. Therefore, fertilization is imperative if production from cleared land is to be 
continued for more than just a few cropping cycles. Furthermore, extending the productivity of previously cleared land in 
these regions has the potential to preserve substantial natural forest resources.  
The previous discussion demonstrates the crucial role of the macronutrient (N,P,K) fertilizers in increasing crop 
production; however, it should be noted that secondary nutrients and micronutrients are of comparable importance. The 
attainment of higher yields through the application of macronutrients only might lead to lower concentrations of other 
nutrients because of the so called “dilution effect” [20]. Plants need an adequate and balanced supply of all nutrients, 
including secondary and micronutrients.  Therefore, fertilizing with only NPK, without ensuring proper supplies of other 
limiting nutrients, is counterproductive as it reduces the efficiency of utilization of all nutrients.
It is important to note here that fertilizer BMPs (Best Management Practices) play a vital role in optimizing the 
effectiveness of fertilizer inputs and minimizing nutrient losses from fields. The approach is simple: apply the correct 
nutrient in the amount needed, timed and placed to meet crop demand. Applying the 4Rs — right source (or product) at the 
right rate, right time, and right place — is the foundation of fertilizer BMPs [21]. 
4. Summary and conclusion 
World population is expected to increase by some 35% over about the next 40 years. With this projection comes 
mounting concerns over an already higher than acceptable level of food insecurity. The issue of food security is of course 
much more complex than simple population projections and involves other factors such as economics, government policies, 
and natural disasters. The demand on agriculture to increase production will continue to grow at least for the next few 
decades. Some new land will likely be put under cultivation to help meet the demand; however, the majority of the 
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increased production will have to come from land already being farmed, thus necessitating more intensive agriculture and 
higher crop yields. The great challenge for the world’s farmers and their affiliates will therefore be to increase output in a 
(sustainable) manner that minimizes environmental impact and at the same time provides sufficient, safe, and nutritious 
products.  
Many believe that biotechnology holds the key to producing more food, but it is only one piece of the puzzle. The 
employment and further advancement of many technologies (e.g., irrigation, equipment, pest control, fertilizer, and seed) 
will be needed to meet the challenge ahead and to close the gap between actual and attainable yields. Thus, it is the positive 
interactions among the advancement of several technologies that holds the key. Nutrient management practices and fertilizer 
technologies are among those that will need to continue advancement and improvement, as adequate and balanced nutrition 
is the foundation of healthy crops.  
Evaluation of long term field studies has shown that fertilizer input is critical to crop production. In temperate climates 
such as in the USA and England, the average percentage of yield attributable to fertilizer generally ranged from about 40 to 
60%. However, in the more highly weathered soils of the tropics (Amazon Basin in Brazil and in Peru) fertilizer input was 
much more critical to production. After the second year of land clearing yields attributable to fertilizer and lime were never 
below 90%.  
Based on past evaluations it is safe to say that without adequate plant nutrition, the world would produce only about half 
as much staple foods and more forested lands would have to be put into production. Inorganic fertilizer plays a critical role 
in the world’s food security, but it must be recognized that highest yields are in some systems the result of using both 
organic and inorganic nutrient sources. Integrated soil fertility management is critical to optimizing food production and 
efficient use of plant nutrients. The 4Rs — right source at the right rate, right time, and right place — are the flexible 
underpinning principles of nutrient management that can be adapted to all cropping systems to ensure productivity is 
optimized. 
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